This work describes the water collection experiment component of the Megacollect 2004 campaign. Megacollect was a collaborative campaign coordinated by RIT with several institutions to spectrally measure various target/background scenarios with airborne sensors and ground instruments. An extension to the terrestrial campaign was an effort to simultaneously measure water optical properties in different bodies of water in the Rochester Embayment.
INTRODUCTION: BACKGROUND AND HISTORY
The Megacollect effort was an extensive collection campaign with the goal of acquiring real world data as a means to validate physics-based modeling and facilitate algorithm development within the Digital Imaging and Remote Sensing Laboratory (DIRS) at RIT. The history and motivation for studying this specific site is described by Raqueño 1 which discusses the main experiment over land areas (Megascene and Camp Eastman) surrounding the embayments. This paper will detail the specifics pertaining to the water sampling portion of the overall experiment.
The motivation for this addendum to the Megacollect experiment dates back to May 20, 1999 when an AVIRIS ground truth collection of the region was conducted by DIRS as part of an effort to develop modelbased water constituent concentration mapping from hyperspectral data sets.
2 Figure 1 shows an overview of the AVIRIS flight lines and images collected in 1999. These bays and ponds are of particular interest because they represent a diverse and easily accessible set of compartmented aquatic systems that have a varied range of chlorophyll, suspended sediment, and gelbstoff (yellowing organics or colored dissolved organic matter -CDOM) concentrations. In addition, several of these systems have been studied extensively by Makarewicz, et al., [3] [4] [5] Sherwood,
6-8 and Weidemann, 9 in terms of eutrophication states due to the influx of chemical nutrient loadings May 20, 1999 . Inset figures show the extent of the AVIRIS flight lines over Lake Ontario and the key bay and ponds west of the Genesee River. Russell station is a power plant used for thermal studies that DIRS has historically used for thermal plume studies.
and optical properties. Interest in these systems lies not only in the environmental monitoring aspect of remote sensing, but also the fundamental modeling of light propagation into a complex littoral scene. Extensive modeling of the area known as the DIRSIG Megascene 10 has also been conducted of the surrounding land regions close to these embayments.
To support the constituent concentration mapping work, a modest ground truth collection was conducted in 1999 using traditional land-based field measurements and limited water sampling of select bays and ponds in the embayment. Figure 2 summarizes the assets and their deployment locations during the overall May 1999 campaign. The water sampling teams used canoes to sample the bays and ponds (Braddock Bay, Long Pond, and Cranberry Pond) and a small boat to sample the Genesee River, Irondequoit Bay, and limited nearshore areas of Lake Ontario. No field hydrologic optical measurement equipment was available in 1999 requiring inherent optical properties (IOP) of the water samples to be determined in the lab and supplemented with measurements by Bukata.
11 Although the AVIRIS concentration mapping algorithm showed promise, there has been a need to validate the process beyond this single data set to refine both the algorithmic techniques and the input parameters into the HYDROLIGHT model 12 to better predict the water leaving light field. Megacollect provided a fortunate opportunity to revisit this site near the anniversary of the AVIRIS flight and exploit the many lessons learned from the first campaign regarding equipment, personnel, and logistics. 
THE COLLECTION
The equipment necessary to obtain field and lab measurements are significant both in cost, deployment, and maintenance. In the subsequent years since the AVIRIS overflight, smaller airborne overflights requiring water sampling and analysis made apparent the difficulties of maintaining field and laboratory equipment, particularly when used on an intermittent basis. Figure 3 shows a summary of the stations sampled by the different teams around the embayment. There were five teams that collected water samples and deployed a subset of instruments listed in Table 1 . The water collection experiment of 2004 was greatly improved from the previous experiment because of the availability of UFI's research vessels. This allowed NRL's optical instruments to be deployed in deeper waters and rapidly sample more stations to measure a wider range of water quality conditions. NRL/UFI team sampled primarily in the Lake Ontario waters deploying the AC-S, AC-9, SPECTRIX, HyperTSRB, and sun photometer. RIT-IBAY deployed the HYDRORAD and HYDROSCAT in the nearshore regions of Lake Ontario and the northern portion of Irondequoit Bay. RIT-IBAY2 only collected water samples in the southern portion of Irondequoit Bay. RIT-PONDS visited the shallow bay and ponds west of the Genesee river and measured water surface reflectances and bottom sample reflectances with the PR-650. RIT-Ground also collected samples and PR-650 measurements from the pier at the Genesee river plume and the nearby Rochester Yacht club swimming pool. Flight lines were planned (cf. Figure 4 ) to coincide with these stations (cf. Figure 3) . The actual flight windows occurred between June 5th and 8th. June 5, 2004 was a potential airborne collection with a coincident HYPERION-LANDSAT. The flights, however, were cancelled at the last moment because of deteriorating weather conditions. All ground truth teams were in place for this contingency and proceeded to collect samples in light of the cancellation to serve as a rehearsal for the next window of opportunity. This opportunity came on June 7th and the water teams proceeded to visit the different stations between 10:00 AM to and 3:00 PM (local time). The airborne collection commenced at 10:30 AM and continued until 2:00 PM. Because of the increasingly marginal conditions on the 7th, COMPASS reflew the flight lines again on the next day (June 8th). Collected ground truth data and imagery are being organized into the DIRS GIS system. Hyperspectral analyses, both exploitation algorithms and model predictions, are currently under study to compare these observations. 
Ground Truth Instruments
The main goal of the field optical measurements is to characterize the light field and the spectral IOPs of the aquatic medium. Table 1 summarizes the collective set of field optical instruments used during the 2004 experiment and Figure 5 diagrams the conceptual operation, deployment, and measurement of the instruments. The SPECTRIX and the PR-650 are above-water field spectrometers and behave in the same manner as other traditional land field spectrometers: measuring the radiance signal leaving the water surface. These measurements can be used as baseline spectra to which observed and modeled values of radiance reaching the airborne sensors can be compared. Part of the effects of this atmospheric propagation is measured by a sun photometer measurements giving estimates of aerosol optical depth. Measurements of the downwelling and upwelling spectral light field near the water surface are made with the HyperTSRB (Tethered Spectral Radiometer Buoys). The HYDRORAD is an in-water profiling instrument measuring spectral downwelling and upwelling radiances/irradiances. These light field measurements can serve as baseline values to which modeled light field estimates, both on the surface and in the water, can be compared. The HyperTSRB and the HYDRORAD are deployed away from the boat to reduce background influences of the platforms on the measured light field. To complement these light field estimates, a set of in-situ measurements to derive the properties of the water independent of the illumination condition and are collected by another set of instruments. The AC-S and AC-9 are used to estimate spectral extinction, c and spectral absorption coefficients, a. These instruments determine spectral extinction, c, by measuring the attenuation of a sampled column of water in an absorbing sampling cell. The water sample in the cell absorbs a portion of the light while the walls of the sampling cell will absorb any light scattered by particulates in the water. The absorption coefficient, a, is measured with a reflective sampling cell where any scattered light is reintroduced back into the sampling column. Any loss of light in this situation is attributed only to the absorption of the water column. The scattering coefficient, b, is indirectly determined through the relationship b = c − a. compartmentalized into spectral extinction (beam attenuation) coefficients, c, spectral absorption coefficients, a, and spectral scattering coefficients, b. The volume scattering function, β, is a much more difficult property to measure as described by Petzold, 13 but is often related to the backscattering coefficient, b b , and is estimated by the HYDROSCAT instrument which measure the backscattering light at select angles to derive this coefficient.
While these field measurements give an estimate of the overall absorption and scattering coefficients, additional laboratory analysis is necessary to decompose these properties into the optically active constituents. It is through this discrimination that their component effects can be modeled in radiative transfer models and allow these constituents to be mapped in remote sensing imagery.
Laboratory Analysis
Traditional water quality metrics of concentrations for chlorophyll and suspended sediments were determined by UFI for all water samples and by MCDES for the bay and pond samples collected by RIT-Ponds and RIT-Ground. A preliminary comparison of the chlorophyll and suspended sediment concentrations for commonly sampled areas in 1999 and 2004 showed comparable concentrations as shown in Figure 6 . In addition to these concentration estimates, lab spectrophotometric measurements were performed by UFI to serve as comparisons to the field spectral measurements made with the in-water devices. These spectrophotometric absorption measurements decompose the spectral absorption components to contributions by total particle absorption, CDOM absorption, and inorganic particle absorption. Table 2 summarizes these components and the instruments and configurations used for the measurements. The process begins when the "raw" water suspension absorption is measured using the Perkin-Elmer Lambda 18 with its integrating sphere. A particular volume of the raw sample is then filtered through a 0.7 [µm] GF/F filter and the filtrate used for the CDOM absorption measurement on the PerkinElmer Lambda 40. Another portion of the raw water sample is similarly filtered and the filterpad is used to measure the total particle absorption (Perkin-Elmer Lambda 18). The filter pad is then bleached to remove the organic component of particles leaving the inorganic particle fraction. Several correction techniques are applied to compensate for path length amplification due to the filterpad. These component absorption spectra of organic, inorganic, and CDOM determined in the lab will be the basis of IOPs that will feed into the models. The results of these lab measurements are currently being studied and will be compared with the measurements made from the field instruments.
TARGETS OF INTEREST
Much of the motivation for using remote sensing is to understand a complex set of physical processes from observable optical measurements. Various scales of imagery are often used to validate hypotheses and observations related to these processes. In modeling physical processes, remote sensing is often used to define initial and boundary conditions of numerical methods emulating the underlying physics. What often eludes the investigator, whether they be field experimentalist or modelers, is the ability to bring to closure the different scales of observations and simulations. How are the centimeter scale measurements of a field instrument related to the measurement of a kilometer size spot of an earth observing platform? It is a question that can only be addressed by collection experiments such as this and modeling efforts that attempt to form the linkages between the different scales from the surface measurements to the airborne imagery.
We present and describe two scenarios that represent the extremes of the geographic scale from both remote sensing observations and physical modeling. We currently do not offer any concrete answers to the scale closure issue, but rather highlight fascinating observations of the image data to convey the magnitude of the problem. We believe solutions will come from an iterative process that cycles between comparisons of physical model predictions with remote sensing observations and understanding the factors that influence the discrepancies between the two -each iteration minimizing the errors between the predictions and observations. This data collection is but one of a series of collections that will be necessary to advance the knowledge of inputs into the models and verify the spectral characteristics of the image data afforded by state of the art sensors.
Lake Ontario and Genesee River System
Much of the motivation behind the use of remote sensing in monitoring the Lake Ontario and Genesee River system comes from the desire to understand the complex physical phenomenon of the thermal bar and its effects on the dispersion of sediments and nutrients from point and non-point sources. [14] [15] [16] It is formed by the vertical stratification of nearshore waters as it reaches maximum density at 4
• C producing a warm ring of water around the shoreline. This can be seen in Figure 7 where the visible bands of the LANDSAT scene show the varying water quality between nearshore and offshore waters and the thermal bands show the distinct ring of warmer nearshore waters. This image is the last cloud-free LANDSAT-7 image (May 29, 2004) prior to the Megacollect. This phenomenon has been simulated through hydrodynamic models 17 at the lakewide level for Lake Ontario
18
and tracks the general trends observed from the remote sensing imagery of the same scale. While this correlation between water quality and temperature in the thermal bar is generally true from a lakewide perspective, the interactions of sources such as the Genesee River and Irondequoit Bay show a more complex process of advection and transport of sediments between these systems and Lake Ontario. Figure 8 paints a fascinating interaction of different levels of water turbidity flowing into Lake Ontario. The Genesee River plume mixes with the Lake Ontario water at one scale, while the less turbid Irondequoit Bay waters flows into this mixture at a smaller scale and exhibiting a similar pattern as the Genesee River plume. Even smaller scale effects are in action as observed by the airborne sensors. A high spatial resolution image is presented in Figure 9 which shows a MISI 19 image line flown over the Megascene area into Lake Ontario on the day of Megacollect. The plume is travelling northward in the MISI image because of calm wind conditions for June 7th. This resulted in a north-south boundary between the Genesee River and Lake Ontario waters. This is in contrast to the eastward track of the plume shown in Figure 8 due to prevailing winds from the west on May 29th. Figure 9 shows one of the LWIR thermal bands and a panchromatic rendering of the VNIR spectrometer bands. The emissive and reflective bands each highlights specific features that is not visually apparent in the other channels. For the visible channels, it is possible to discriminate the bottom types nearshore while the thermal channels can only detect the temperature differences due to solar insolation in the shallow waters. Conversely, the thermal band can easily detect the upwelling track caused by boat traffic but this feature is difficult to detect in the visible imagery. While it is possible to model the hydrodynamics of this type of interaction, higher spatial resolution sensors such as MISI are needed to monitor both water quality and thermal properties to initialize, refine, and validate these models. Knowledge of temperature distribution and the geographical extents to which sediments and nutrients are transported can predict the impact on the nearshore ecology. Monitoring water quality and quantifying the energy available to the biota makes it imperative that a thorough understanding of the light transport mechanism into the littoral zone be understood and modeled. 
Control Water Target Case
A water-related target has been identified to serve as a "control" scene to validate the development of a general spectral light propagation model that will simulate both in-water and above-water scenarios. The Rochester Yacht Club (RYC) swimming pool was chosen as a "control" water body that will serve as a starting point for more complex modeling scenarios. It was identified as an easily accessible target in the prescribed flight line of the sensors and represents a class of a frequently occurring features over the Megascene: the backyard swimming pool. Since it represents a controlled condition of a water body with no measurable constituents, known bathymetry, and known bottom spectrum, it provides a tractable stepping stone for the physics-based models to simulate. During the collection, the RIT-Ground team conducted both spectral (PR-650 measurements) and physical measurements of this target along with photographic documentation showing wave surface patterns and the resulting caustics on the pool bottom due to lensing effects. The goal of these measurements is to establish sound radiometric inputs of this small scene so that it can be rendered with a spectral version of the photon-mapping 20 technique used in the computer graphics community. The approach is an optimization of traditional Monte-Carlo ray-tracing methods which allows tractable computation of photon histories for scenes containing complex three-dimensional objects and structures. These "objects" can be incorporated in a spatially inhomogeneous absorbing and scattering medium with the complex boundary effects (waves and bottom) to represent what is found in a nearshore scene. Successful modeling of this preliminary scene will establish a foundation for simulating the amorphous and highly dynamic systems of natural water bodies.
FUTURE DIRECTION
The theory of light interaction under the homogeneous plane-parallel assumptions of the oceanic regime is well established. 21 The light interaction in the littoral zone, however, is affected by variable boundary conditions of wave surface, bathymetry, and heterogeneous constituent distributions as identified by many researchers in the Figure 9 . This graphic shows a MISI flight line over the Megacollect land and water study area. The rightmost overview image is a thermal band (LWIR) while the left overview image is a visible band. Spectral plots represent radiance signals in the VNIR region for the Genesee River plume and the Lake Ontario waters. Note the the thermal signature of colder waters being upwelled by boat traffic in the thermal band. Zoom of the shoreline shows the ability of the spectrometer to discriminate bottom types while the thermal band shows the surface temperature variation of the water near the shore. ocean optics community. 22 The spectral photon-mapping technique is currently under development to give the DIRSIG model the means to spectrally simulate these effects in the littoral zone both from the overhead as well as in-water perspective. The goal is to extend the spectral rendering of the water region shown in Figure 10 with the representative physics that govern the light interacting with these effects.
The applications of this capability are extensive. From a harbor security perspective, knowledge and prediction of the associated turbidity and its impact on visibility (both in-water and above-water) can objectively specify the type of sensor modality (e.g. passive or active optical, sonar, etc.) that can best monitor these areas Figure 10 . Overview image shows the areas of the Megascene that have been rendered spectrally in DIRSIG. CE represents the Camp Eastman location where the land portion of Megacollect was conducted. The zoomed image is a rendering of the the land area bordering the shores of Lake Ontario. The water region is currently rendered with texture tools using high spatial resolution image maps.
and passageways. A combination of modalities tuned and adapted to specific conditions of the water will be needed in much the same way that overhead reconnaissance utilizes different parts of the EM spectrum to extract different target features as shown in Figure 9 . Only through simulations, in conjunction with carefully designed field experiments, will these optimum sensor configurations be determined. This ability to simulate complex light fields not only addresses the obvious problems of remote sensing and underwater visualization, but also the subtle but significant effects of surface waves, particularly coherently structured waves, on in-water irradiance measurements from profiling instruments and remotely sensed reflectance measured at the surface.
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The measurements of water optical properties derived from this collection will serve as a set of realistic model inputs necessary to simulate high fidelity spectra and scene spectral statistics that emulating the scene statistics imaged by real sensors.
